Objective: To compare quantitatively the effect of a low-and a high-oxalate vegetarian diet on intestinal oxalate absorption and urinary excretion. Subjects and methods: Eight healthy volunteers (three men and five women, mean age 28.676.3) were studied. Each volunteer performed the [ 13 C 2 ]oxalate absorption test thrice on a low-oxalate mixed diet, thrice on a low-oxalate vegetarian diet and thrice on a high-oxalate vegetarian diet. For each test, the volunteers had to adhere to an identical diet and collect their 24-h urines. In the morning of the second day, a capsule containing [ 13 C 2 ]oxalate was ingested. Results: On the low-oxalate vegetarian diet, mean intestinal oxalate absorption and urinary oxalate excretion increased significantly to 15.872.9% (P ¼ 0.012) and 0.41470.126 mmol/day (P ¼ 0.012), compared to the mixed diet. On the highoxalate vegetarian diet, oxalate absorption (12.574.6%, P ¼ 0.161) and urinary excretion (0.34070.077 mmol/day, P ¼ 0.093) did not change significantly, compared to the mixed diet. Conclusions: A vegetarian diet can only be recommended for calcium oxalate stone patients, if the diet (1) contains the recommended amounts of divalent cations such as calcium and its timing of ingestion to a meal rich in oxalate is considered and (2) excludes foodstuffs with a high content of nutritional factors, such as phytic acid, which are able to chelate calcium.
Introduction
The prevalence of urolithiasis in Europe is about 4-15%, and approximately 70-75% of all urinary stones are composed of calcium oxalate (Litwin et al., 2005) . High oxalate absorption and high urinary oxalate excretion are considered to be important risk factors for calcium oxalate stone formation. Increased intestinal absorption of oxalate may lead to hyperoxaluria with a significantly enhanced risk of urinary stone formation, because the oxalate/calcium molar ratio in urine is about 1:10. Thus, a slight increase in urinary oxalate concentration results in a higher risk of calcium oxalate formation. In healthy subjects, the main source of oxalate in urine is endogenous. However, depending on food intake and various physiological factors, the exogenous part of the excreted oxalate in urine can differ widely by up to 50-80% (Holmes et al., 2001) . Consumption of foods with a high oxalate content, in particular, can lead to hyperoxaluria (Hesse et al., 1993) . Hence, diet plays an important role in the pathogenesis of calcium oxalate kidney stones.
On a vegetarian diet, urinary oxalate excretion is increased compared to a normal mixed diet (Siener and Hesse, 2002) . The general explanation for this effect is the higher intake of oxalate by vegetarians, as vegetables contain high quantities of oxalate. Yet, this has not been investigated to date. Also, different amounts of dietary oxalate intake on vegetarian diets and its influence of oxalate absorption have not been well characterized. The aim of this study was to quantify the effect of a low-oxalate and a high-oxalate vegetarian diet on intestinal oxalate absorption as compared to a normal mixed diet, using the stable isotope 13 C, simultaneously measuring urinary oxalate excretion.
Subjects and methods

Subjects
Subjects aged between 18 and 70 years, with a body mass index (BMI) between 18 and 30 kg/m 2 , were included in the study. Study exclusion criteria were history of kidney disease, abnormal values on urinary screening, drugs affecting kidney or gastrointestinal function. The volunteers were informed in detail about the nature and purpose of the study, which was approved by the Ethics Committee of the Faculty of Medicine of the University of Bonn. Furthermore, the volunteers were instructed on how to collect, store and cool their urine fractions. After giving their written informed consent, eight healthy volunteers participated in the study. The characteristics of the study group are presented in Table 1 .
Experimental design and diets
Intestinal oxalate absorption and urinary oxalate excretion was measured with the [ 13 C 2 ]oxalate absorption test (von Unruh et al., 1998 (von Unruh et al., , 2003 : each volunteer had to adhere to an identical standardized diet for two consecutive days and had to collect the 24-h urines. On the first day, the urine was collected in two fractions (12 h, 12 h). This day was used for minimizing the influence of different fluids and nutritional intakes on oxalate absorption to approach a steady state. Furthermore, this urine was used for the calibration curve for the analytical procedure. As kinetic studies have shown that oxalate absorption reaches a maximum 2-4 h after oxalate ingestion (Prenen, 1984; Holmes et al., 2005) breakfast on the morning of the second day. On the second day, the 24-h urine was collected in three fractions (6 h, 6 h, 12 h) and 25% hydrochloric acid was added to the urine storage bottles to acidify the urine to pHo1. Labelled and unlabelled oxalate in the urine was quantified by gas chromatography-mass spectrometry, and the oxalate absorption was calculated. The analytical procedure for the [ 13 C 2 ]oxalate measurement in urine has been published (von Unruh et al., 1998) .
Test conditions
In each test series, the [ 13 C 2 ]oxalate absorption test was performed thrice with each volunteer, as intra-individual variability of oxalate absorption is noteworthy even under the standardized conditions of the test procedure (von Unruh et al., 2003) . In the first test series, the volunteers followed a standardized low-oxalate (63 mg ¼ 0.7 mmol oxalate/day) mixed diet. The diets of test series two and three were vegetarian diets and contained almost identical amounts of nutrients and fluids. The foodstuffs and the nutrient contents of these diets are listed in Table 2 .
The intended difference between test series two and three was in the oxalate content. This difference was reached by the exchange of several foodstuffs. The diet of test series two contained 70 mg (0.8 mmol) and that of test series three, 300 mg (3.3 mmol) oxalate/day.
Three days before each test, the volunteers had to adhere to a normal mixed diet. Consumption of alcohol and vitamin supplements was not permitted. During the test, excessive sporting activities were not allowed. Before each test, urine was screened for abnormal values of leucocytes, nitrite, protein, glucose, ketone, urobilinogen, bilirubin and blood using a Combur-Test-Stripe (Roche Diagnostics, Austria).
Calculation of the diets
As standard mixed diet, we chose the diet previously used for the determination of the reference range for gastrointestinal oxalate absorption (von Unruh et al., 2003) . The intention was to detect and exclude volunteers with hyperabsorption of oxalate or hyperoxaluria from the study. The nutritional contents of the two vegetarian diets were calculated according to the Reference Values for Nutrient Intake (German, Austrian and Swiss Nutrition Societies, 2001 ). The food and fluid compositional data of the three diets were calculated with the nutrition database software PRODI 4.4 (Stuttgart, Germany). The oxalate content of the foodstuffs of the diets was measured by the high-performance liquid chromatography enzyme reactor method (Hönow et al., 1997) .
Statistics
Statistical analyses were performed with SPSS Version 12.0 (Statistical Package for the Social Sciences, Chicago, Illinois, USA), a data management and analysis product. Data of Vegetarian diet: influence on oxalate absorption and urinary oxalate excretion E Thomas et al Drinks 300 ml coffee, 500 ml apple juice (100% juice), 1400 ml 'Dreiser' mineral water 300 ml coffee, 500 ml apple juice (100% juice), 1400 ml 'Rheinfels' mineral water 300 ml coffee, 500 ml apple juice (100% juice), 1400 ml 'Rheinfels' mineral water Figure 1 .
Urinary oxalate excretion
The mean 24-h urinary oxalate excretion of the volunteers on the low-oxalate mixed diet was 0.319.70.082 mmol/day. On the low-oxalate vegetarian diet, it increased significantly to 0.41470.126 mmol/day (P ¼ 0.012), compared to the mixed diet. On the high-oxalate vegetarian diet, the mean urinary oxalate excretion of 0.34070.077 mmol/day was not significantly different (P ¼ 0.161) from the corresponding value for the mixed diet. The results are shown in Figure 2 .
Relative supersaturation with calcium oxalate The relative supersaturation with calcium oxalate in the urine on the second test day was calculated with the AP(CaOx) index (Tiselius, 1991) . The mean AP(CaOx) index of the volunteers on the low-oxalate mixed diet was 0.5170.19. On the low-oxalate vegetarian diet, it increased significantly to 0.7770.45 (P ¼ 0.017), compared to the mixed diet. On the high-oxalate vegetarian diet, the mean AP(CaOx) index of 0.5470.30 was similar to that of the mixed diet (P ¼ 0.889).
Intra-individual coefficient of variation of the oxalate absorption on the three diets The mean intra-individual coefficient of variation (CV ¼ s.d./ mean Â 100) of the intestinal [ 13 C 2 ]oxalate absorption test performed thrice with each volunteer was 42.3% on the standard mixed diet, 16.9% on the low-oxalate vegetarian diet, and 26.3% on the high-oxalate vegetarian diet.
Other measured parameters of the two 24-h urines
The concentrations of the measured urine parameters in the 24-h urines were within the reference interval. On the second test day, the mean urinary calcium excretion on the high-oxalate vegetarian diet was significantly lower (P ¼ 0.036), compared to the mixed diet. On the highoxalate vegetarian diet, the mean phosphate excretion was significantly higher compared to the mixed diet. Significant differences were found in the mean urinary sodium, magnesium and creatinine excretion on the two vegetarian diets, compared to the mixed diet (shown in Table 3 ).
Discussion
It is known that oxalate absorption is influenced by the amount and availability of calcium and magnesium in the gastrointestinal tract. These divalent cations are able to bind oxalate. The resulting sparingly soluble salts prevent absorption and are excreted with faeces (Liebman and Costa, 2000; Nishiura et al., 2002; von Unruh et al., 2004) . Because of the fact that both vegetarian diets had the same content of fluids and nutrients, including calcium and magnesium, we expected urinary oxalate excretion and possibly oxalate Vegetarian diet: influence on oxalate absorption and urinary oxalate excretion E Thomas et al absorption to be higher on the high-oxalate vegetarian diet than on the low-oxalate vegetarian diet, as it is known that higher intake of oxalate results in higher urinary oxalate excretion (Binder, 1974; Holmes et al., 1995 Holmes et al., , 2001 Zimmermann et al., 2005) and that it can also lead to an increase in the percent oxalate absorption for soluble oxalate (Zimmermann et al., 2005) . However, we observed quite the opposite effect, as the mean intestinal [ 13 C 2 ]oxalate absorption rate increased only under the low-oxalate vegetarian diet by approximately 72% and the mean urinary excretion rate increased significantly by approximately 30% compared to the standard mixed diet. However, the lack of significance in the increase in mean urinary oxalate excretion on the high-oxalate vegetarian diet was possibly due to the calcium contained in the cream sauce of the lunch meal. Although the daily calcium content of the two vegetarian diets was the same, the calcium contents of the single meals varied (shown in Table 2 ). We only paid attention to the fact that the calcium and magnesium contents of the first two meals of all three diets are approximately equal. This is probably a limitation of our study, because the divalent cations are not uniformly distributed to each meal. Consequently, the oxalate (249 mg ¼ 2.7 mmol) in the spinach of the tortellini in the lunch meal of the high-oxalate vegetarian diet could have been bound to the calcium (211 mg ¼ 5.2 mmol) in the cream sauce and withdrawn from absorption. Studies have shown that ingestion of milk products together with a Vegetarian diet: influence on oxalate absorption and urinary oxalate excretion E Thomas et al spinach meal significantly reduces the oxalate bioavailability in the gastrointestinal tract (Hesse et al., 1984; Brogren and Savage, 2003; Savage et al., 2003; Hossain et al., 2003 Hossain et al., , 2005 . Probably, this effect caused the significant difference in the mean calcium excretion between the mixed diet and the high-oxalate vegetarian diet, as less calcium was absorbed (shown in Table 3 ). The extent of the oxalate absorption depends on the person tested, that is on the residence time of the oxalate in the different parts of the GI tract, and on the actual composition of the chyme encountered by the oxalate ions. Short-term effects, such as dietary intake on the previous day and on the test day, and long-term effects, such as the average amount of calcium in the diet, play a role. Liberation of oxalate in foodstuffs depends on the digestion of dietary intake, which is always slower than the dissolution of sodium oxalate. The majority of the so-called 'insoluble oxalate' of plants will normally not be available for absorption. Consequently, gastrointestinal oxalate absorption can vary widely from meal to meal. If the absorption of the extra oxalate of the high-oxalate vegetarian diet had been similar to that observed for the [ 13 C 2 ]oxalate (i.e.,12.5%), the urinary oxalate excretion should have increased by 0.33 mmol. However, most of the extra oxalate in this diet was in the spinach of the lunch meal, which was given with a calcium-containing cream sauce. Thus, the bioavailability of that oxalate was negligible.
The question remains as to why the oxalate absorption increased significantly only on the low-oxalate vegetarian diet. Considerable attention has been paid to calcium modifying oxalate absorption. However, there are other factors to consider such as bioavailability of the dietary oxalate, and nutritional factors such as dietary fibre and phytate. Some studies have shown that dietary phytic acid (James et al., 1978; Jahnen et al., 1992) could reduce the intestinal absorption of calcium by binding calcium in the gastrointestinal tract (Ohkawa et al., 1983 (Ohkawa et al., , 1984 Gleeson et al., 1990; Ebisuno et al., 1991) . Consequently, more free oxalate could be available to be absorbed. However, published studies reported that dietary fibre had no effect (Shah et al., 1980; Ala-Opas et al., 1987) or that it resulted in a reduction (Robertson, 1987; Strohmaier et al., 1988) or an increase (Ebisuno et al., 1986) in urinary oxalate excretion. The two vegetarian diets contained almost the same amount of dietary fibre, yet they differed in the phytate content. The phytate content of the high-oxalate vegetarian diet was 50 mg (0.08 mmol) and thus negligible. However, the lowoxalate vegetarian diet contained 638 mg (0.97 mmol) of phytate, of which 396 mg (0.6 mmol) was in the wholemeal bread rolls of the breakfast, which was ingested 1 h after the oxalate [ 13 C 2 ]capsule. This was able to bind a maximum of 144 mg (3.6 mmol) calcium in the gastrointestinal tract (Siener et al., 2001) , possibly resulting in a higher percentage of [ 13 C 2 ]oxalate absorption. Recently, Hambidge et al. (2005) showed that the mean fractional absorption of calcium from high-phytate (0.6 mmol) maize tortilla meals was 30% reduced compared to that from low-phytate (0.3 mmol) maize tortilla meals. The complexation of calcium by phytate results in an increase of oxalate absorption (Lemann, 1993; Grases et al., 1998 Grases et al., , 2000 .
To clarify the effect of the wholemeal bread rolls in the vegetarian diet on intestinal oxalate absorption and on urinary oxalate excretion, we performed the [ 13 C 2 ]oxalate absorption test thrice with two volunteers in two pilot test series. The test conditions were the same as described in the experimental design of this paper.
In the first test series, the first volunteer followed the lowoxalate vegetarian diet and the second volunteer followed a low-oxalate mixed diet. In the second test series, we replaced the three wholemeal bread rolls of the low-oxalate diets with three white bread rolls. On the low-oxalate diets with the wholemeal bread rolls, the mean [ Therefore, the influence of phytate in increasing the oxalate absorption appears to be very strong, but further studies with isolated phytate are necessary to clarify whether it is in fact the phytate content that causes this increased oxalate absorption.
On the other hand, Grases et al. (1998 Grases et al. ( , 2000 , Grases and Costa-Bauza, 1999 showed that a high urinary phytate excretion has an inhibitory effect on the lithogenesis of calcium oxalate stones. This necessarily requires further investigation regarding the influence of phytic acid on intestinal oxalate absorption, on urinary oxalate excretion, and also on the risk of crystallisation for calcium oxalate in urine.
This study shows that one should not only focus on the high oxalate content of a vegetarian diet, which may increase the oxalate excretion. Other factors, especially nutrients in the diet, which are able to modify the bioavailability of dietary oxalate, can strongly affect oxalate absorption. Such dietary factors include divalent cations such as calcium or magnesium, fibre and, as this study suggests, phytic acid. These factors should be controlled by stone patients following a vegetarian diet. Nutritional counselling of calcium oxalate stone patients may need to address the proposed association between these factors and the bioavailability of oxalate in the gastrointestinal tract and its influence on oxalate absorption. Consequently, attention Vegetarian diet: influence on oxalate absorption and urinary oxalate excretionshould be paid not only to an adequate intake of calcium and magnesium throughout the day, but also to the timing of these oxalate binding divalent cations in relation to the consumption of oxalate-containing meals. Also, dietary factors that are able to influence the bioavailability of these oxalate-binding cations must be taken into account. This study suggested that dietary phytate may bind an appreciable amount of calcium in the gut, so that more oxalate is absorbed, increasing the risk for calcium oxalate supersaturation in the urine.
In summary, a vegetarian diet can only be recommended for calcium oxalate stone patients if the diet (1) contains the recommended amounts of divalent cations such as calcium and its timing of ingestion in relation to a meal rich in oxalate is considered; (2) excludes foodstuffs with a high content of nutritional factors such as phytic acid, which chelate dietary calcium. Tiselius HG (1991 Vegetarian diet: influence on oxalate absorption and urinary oxalate excretion
